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1
THREE-DIMENSIONAL DIGITAL
MICROFLUIDIC SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from U.S. Provisional
Patent Application Ser. No. 61/604,910, filed Feb. 29, 2012
and entitled Three-Dimensional Digital Microfluidic System,
which is hereby incorporated herein by reference in its
entirety for all purposes.

FIELD OF THE INVENTION

The invention relates to a three-dimensional digital microf-
luidic system to provide better droplet routing capabilities
and to fit more functions in a given area. The invention also
relates to the capability to perform the multi-chip system
integration. The system is able to be used to construct LOC
(Lab-on-Chip) system structure and advanced multi-chip sys-
tem integration.

BACKGROUND OF THE INVENTION

The typical digital microfluidic system, based on elec-
trowetting-on-dielectric (EWOD), is based on a two-dimen-
sional architecture, including (1) open system where the
droplet is sitting freely on the open substrate and (2) covered
system where the droplet is confined between two plates.

SUMMARY

In some embodiments, the present invention expands the
two-dimensional conventional digital microfluidic architec-
ture into a three-dimensional architecture. The present inven-
tion is able to work on the principle that back and forth
motions between open and covered regions are viable under
electrowetting actuation.

In some embodiments, two face-to-face plates form the
base structure of the two-layer microfluidic operations and a
dual open/covered hybrid design adds the inter-layer microf-
luidic connection to complete the three-dimensional system.

In some embodiments, the present invention constructs a
three-dimensional architecture combining both open and
covered configuration of the two-dimensional system to pro-
vide better routing capability in one system and to provide the
ability to bridge multiple microfluidic systems together.

In some embodiments, the three-dimensional digital
microfluidic system is constructed by two face-to-face plates.
Two of the examples of the three-dimensional microfluidic
systems are disclosed here.

The first system comprises the Dual-Layer System that
enables microfluidic operations on dual layers. This provides
better capabilities to route droplets to blocked locations or to
avoid unwanted path contaminations.

The second system is the Inter-Chip Bridge that enables the
inter-chip droplet transport capabilities. LOC system is able
to be partitioned into smaller self-contained modules and
connected by the Inter-Chip Bridge. Moreover, components
with incompatible manufacturing are able to be combined in
a single LOC system for heterogeneous integration.

In a first aspect, a three-dimensional digital microfluidic
system comprising a first plate with a first electrode, a second
plate with a second electrode, and a microfluidic droplet in
between the first and the second electrode. In some embodi-
ments, the first plate is parallel to the second plate. In other
embodiments, the first plate is non-parallel to the second
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plate. In some other embodiments, the first electrode is facing
the second electrode. In some embodiments, the system fur-
ther comprises a gap between the first plate and the second
plate. In some other embodiments, the gap is in the range of 1
um to 10 cm. In some embodiments, the system further com-
prises a first gap at a first side larger than a second gap of the
second side of the first plate and the second plate.

In some embodiments, each of the first electrode and the
second electrode comprises at least one droplet actuating
electrode. In other embodiments, the microfluidic droplet is
manipulated by actuating in sequence of the electrodes on
either or both plates. In other embodiments, the microfluidic
droplet is in physical contact with either one of the first plate
and the second plate. In some other embodiments, the microf-
luidic droplet is in physical contact with both of the first and
the second plate. In some embodiments, the microfluidic
droplet is actuated by the electrodes on the first plate, the
second plate, or a combination thereof. In other embodi-
ments, the system further comprises an electrowetting actua-
tion mechanism to control a motion of the microfiuidic drop-
let. In some other embodiments, each of the first plate
comprises a first body and the second plate comprises a sec-
ond body facing each other, wherein a first gap at one end
between the first and the second plate is larger than a second
gap at the opposite end between the first and the second plate.
In some other embodiments, the system further comprises a
controlling unit controlling a movement of the microfluidic
droplet, such the microfluidic droplet is able to be moved to be
in a physical contact with either one of the first plat or the
second plate or both.

Inasecond aspect, a three-dimensional digital microfluidic
system comprising a first plate with a first electrode, a second
plate with a second electrode, and a bridge plate with a third
electrode facing the first and the second electrodes, wherein
the bridge plate comprises at least a first portion overlapping
with the first plate and at least a second portion overlapping
with the second plate. In some embodiments, the system
further comprises a microfiuidic fluid droplet. In some other
embodiments, the microfiuidic fluid droplet is sandwiched
between the first plate and the bridge plate. In some embodi-
ments, the microfiuidic fluid droplet is sandwiched between
the second plate and the bridge plate. In other embodiments,
the microfluidic fluid droplet is only in physical contact with
the bridge plate. In some other embodiments, the system
further comprises a first gap between the first plate and the
bridge plate and a second gap between the bridge plate and the
second plate. In some embodiments, the first gap is equal in
size to the size of the second gap. In other embodiments, the
first gap is larger than the second gap.

In a third aspect, a method of using a three-dimensional
digital microfluidic system comprising moving a microfluidic
droplet between a first plate and a second plate by actuating at
least one of electrodes on the first, the second plate, or both,
wherein the electrodes on the first plate and the second plate
are facing each other. In some embodiments, the method
further comprises moving the microfluidic droplet from a
sandwiched configuration having physical contacts with both
of the first and the second plate to a single contact configu-
ration having physical contact with one of the first or the
second plate. In other embodiments, the method further com-
prises moving the microfluidic droplet from a single contact
configuration having physical contact with one of the first or
the second plate to a sandwiched configuration having physi-
cal contacts with both of the first and the second plate. Insome
embodiments, the first and the second plate are non parallel to
each other. In other embodiments,
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In a fourth aspect, a method of using a three-dimensional
digital microfluidic system comprising moving a microfluidic
droplet from a first plate to a second plate via a bridge plate,
wherein the first, the second, and the bridge plate comprise a
first electrode, a second electrode, and a bridge electrode. In
some embodiments, the method further comprises actuating
the first, the bridge, and the second electrode in sequence such
that the microfluidic droplet is transported from the first plate
to the third plate. In other embodiments, the first and the
second electrodes are facing the bridge electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating a basic three dimensional
digital microfluidic system in accordance with some embodi-
ments of the present invention.

FIG. 2 is a diagram illustrating a Dual-Layer System in
accordance with some embodiments of the present invention.

FIG. 3 is a diagram illustrating a droplet in the Dual-Layer
System moving from the one plate to the other plate in accor-
dance with some embodiments of the present invention.

FIG. 4 is a diagram illustrating an Inter-Chip Bridge in
accordance with some embodiments of the present invention.

FIG. 5 is a flow chart illustrating a method 500 of using the
microfluidic system in accordance with some embodiments
of the present invention.

DETAILED DESCRIPTION

In some embodiments, the present invention, a three-di-
mensional digital microfluidic system, based on EWOD,
comprising two face-to-face plates separated by a gap in
between. Droplets are able to be manipulated by a sequence
of actuation of the electrodes on the plates to perform the
desired functions. FIG. 1 illustrated a three-dimensional digi-
tal microfluidic system in accordance with some embodi-
ments of the present invention. The plate 101 and plate 102
are separated with the gap distance 105. The electrodes 106
on both plate 101 and 102 face each other. Each of the square
boxes of the electrodes 106 is able to be independently con-
trolled. In other words, each of the square boxes is able to be
an independently controlled electrode. In some embodi-
ments, the multiple electrodes 106 on the plate 101 are con-
trolled in sequence, such that a microfluidic droplet is able to
be moved in a pre-determined direction, distance, and/or
speed by actuating the multiple electrodes 106 on the plate
101. Similar functional principles also apply to plate 102 and
the plates throughout the present specification.

In the three-dimensional digital microfluidic system, an
open configuration comprises a droplet 103 sitting on a plate
102 without touching the other plate 101. In this configura-
tion, the droplet 103 is actuated by the electrodes on the plate
102. Similarly, droplet 107 is also at an open configuration
and is actuated by plate 101. A covered configuration is a
droplet 104 sandwiched between the plate 101 and plate 102
and the droplet 104 can be actuated by the electrodes on plate
101 and/or plate 102.

FIG. 2 illustrates a Dual-Layer System. A Dual-Layer Sys-
tem is constructed with two plates, plate 201 and plate 202,
and the two plates face each other in an angle 203. Because of
the construction with an angle, the gap distance between plate
201 and plate 22 is smaller on one side and bigger on the
opposite side and this structure creates a dual open and cov-
ered configuration. Droplets in locations 204 and 205 are in
covered configuration sandwiched between plate 201 and
plate 202 near the smaller gap distance 209. Droplets in
locations 206 and 207 are in an open configuration.
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In some embodiments, the present invention works on the
principle that back and forth motions between open and cov-
ered regions are viable under electrowetting actuation.
Microfluidic operations of the dual-layer system leverage the
best of a dual open/covered hybrid design that droplet trans-
porting and mixing are performed on the open region of the
stacked dual-layer system and droplet creation and splitting
are performed at the covered region.

As illustrated in FIG. 2, droplet 205 is created from reser-
voir 204 under covered configuration. At the covered region,
the flexibility of switching microfluidic actuations between
the top and bottom plates is needed. While the droplet actua-
tion is on the top plate 201 then the bottom plate 202 is
configured into a zero potential plate and vice versa. A top-
plate actuation of droplet 205 to the left eventually result in a
sessile droplet 207 breaking up from the bottom plate when
the gap is wide enough. Similarly, a bottom-plate actuation
results in a sessile droplet 206 on the bottom plate. A coplanar
actuation of the sessile droplet is then provided to move the
sessile droplet around.

The tilted angle 203 is able to be one dimensional that gap
differences are only along one axis (x- or y-axis) or two
dimensional that both x-axis and y-axis have different gaps.

FIG. 3 illustrates a droplet switches plates through the
inter-layer connection in a Dual-Layer System. A Dual-Layer
System is constructed with two plates, plate 301 and plate
302, and the two plates face each other in an angle 303. A drop
is originally in an open configuration close to bigger gap
distance 307. The gap 308 comprises a smaller gap than the
gap 307. By actuating the electrodes on plate 302 in the
direction from location 304 to location 305, the droplet in
location 304 moves to the right and stops at location 305 in a
covered configuration. Then by actuating the electrodes on
plate 301 in the direction from location 305 to 306, the droplet
in location 305 switches to plate 301 and stops at location
306.

FIG. 4 illustrates an Inter-Chip Bridge operation. To trans-
port a droplet from one LOC system 402 to the other LOC
system 403, an Inter-Chip Bridge 401 is used. The LOC
system 402 and LOC system 403 are placed side by side and
an Inter-Chip Bridge 401 is placed face-to-face to the two
LOC systems with a gap distance 408 in between. The gap
distance 408 is small enough to create a covered configuration
for the droplet. A droplet in location 404 on LOC system 402
is in an open configuration. By actuating the electrodes 412
on a first plate 410 on LOC system 402 in a direction from
location 404 to 405, the droplet moves from location 404 to
location 405 and the droplet is now in a covered configura-
tion. Then by actuating the electrodes 413 on a second plate
413 on Inter-Chip Bridge 401 in the direction from location
405 to location 407 on electrodes 411 on the third plate 409,
the droplet moves from location 405 location 407 via location
406. Depending on the separation between the two LOC
systems, the dropletis in the open configuration when passing
by location 406.

FIG. 5 is a flow chart illustrating a method 500 of using the
microfiuidic system in accordance with some embodiments
of the present invention. The method 500 is able to start at
Step 502. At Step 504, a microfluidic drop on a three-dimen-
sional digital microfluidic system is applied. At Step 506, the
electrodes on the system of the device are actuated. At Step
508, the microfluidic drop is moved in a predetermined direc-
tion. The method 500 is able to stop at Step 510.

In some embodiments, the present invention comprises
two face-to-face plates that form the base of a two-layer
microfluidic operation and a dual open/covered hybrid struc-
ture. In some embodiments, the inter-layer microfiuidic con-
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nection is included in the three-dimensional system. In some
embodiments, the present invention is superior than the typi-
cal two-dimensional system in a way that some embodiments
of the present invention includes the combinations of both
open and covered configuration of the two-dimensional sys-
tem to provide better routing capability in one system and to
provide the ability to bridge multiple microfluidic systems
together. In some embodiments, the three-dimensional digital
microfluidic system comprises a Dual-Layer System. In some
other embodiments, the three-dimensional digital microflu-
idic system comprises an Inter-Chip Bridge.

In some embodiments, the three-dimensional digital
microfluidic system comprises two face-to-face plates sepa-
rated by a gap in between. In other embodiments, the two
plates have droplet actuation electrodes on them. In some
other embodiments, the electrodes on the two plates face each
other. The droplets can be manipulated by a sequence of
actuation of the electrodes on either or both plates to perform
the desired functions. The gap is in the range of 1 pmto 10 cm.
In some embodiments, an open configuration is a droplet
sitting on a plate without touching the other plate. The drop-
lets are able to be actuated by the electrodes on the plate
where droplets are sitting. In some embodiments, a covered
configuration is a droplet touched both plates and sandwiched
between the top plate and the bottom plate. The droplets are
able to be actuated by the electrodes on the top plate and/or
the bottom plate. In some embodiments, the Dual-Layer Sys-
tem is constructed with two plates, and the two plates face
each other in an angle. Because of the construction with an
angle, the gap distances between the two plates are smaller on
one side and bigger on the opposite side.

The angled structure creates a dual open and covered con-
figuration. Droplets in covered configuration sandwiched
between two plates near the smaller gap distance. The drop-
lets in wider gap locations are in open configuration. Open or
covered configurations are able to depend on the sizes of
droplets. The back and forth motions between open and cov-
ered regions are able to be performed under electrowetting
actuation. The tilted angle can be in one dimensional such that
the gap differences are only along one axis (x- or y-axis) or
two dimensional such that both x-axis and y-axis have differ-
ent gaps.

The droplets on open region are able to move from one
plate to another plate through the inter-layer connection in a
Dual-Layer System. A drop originally in an open configura-
tion on one plate is moved by actuating the electrodes on the
plate where the droplet sits to the direction of narrow gap and
the droplet eventually touches both plates and in a covered
configuration. Then by actuating the electrodes on the other
plate in the direction to the wider gap, the droplet breaks out
from the covered region and results in an open configuration
on the other plate.

In some embodiments, the first LOC system and the second
LOC system are placed side by side with the operating surface
toward the same direction. An Inter-Chip Bridge is placed
between the two LOC systems and face to the two LOC
systems with overlaps to both LOC systems, which form
covered regions to transport the droplet to/from the Inter-
Chip Bridge. A gap distance is between the Inter-Chip Bridge
and the two LOC systems. The gap distance is small enough
to create a covered configuration for the droplet. The first
LOC system and the second LOC system is able to be either
covered configuration or open configuration.

In an open configuration on the first LOC system, the
droplet is eventually touches the Inter-Chip Bridge and
becomes a covered configuration on the first LOC system by
actuating the electrodes on LOC system in the direction
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toward the Inter-Chip Bridge. Then by actuating the elec-
trodes on Inter-Chip Bridge in the direction toward the second
LOC system, the droplet moves from the first LOC system to
the second LOC system. When the droplet arriving the second
LOC system side, it is under covered configuration. If the
second LOC system operates in an open configuration then
the droplet needs to move from the covered configuration into
the open configuration.

In some embodiments, a method of using a three-dimen-
sional digital microfluidic system comprising a Dual-Layer
System that enables microfiuidic operations on dual layers
and an Inter-Chip Bridge that enables the inter-chip droplet
transport capabilities. The Dual-Layer System provides bet-
ter capabilities to route droplets to blocked locations or to
avoid unwanted path contaminations. A LOC system can be
partitioned into smaller self-contained modules and the mod-
ules are connected by the Inter-Chip Bridge. The components
with incompatible manufacturing are able to be combined in
a single LOC system for heterogeneous integration by the
Inter-Chip Bridge. Two or more LOC systems are able to be
connected by the Inter-Chip Bridge to form a bigger system.

The method is able to further comprise more than one
Dual-Layer System working together as a system. The third
plate or fourth plate is able to be added to one of the plates of
the Dual-Layer System to form multiple-Dual-Layer Sys-
tems. The method is able to further comprise more than one
Inter-Chip Bridge working together as a system. The second
or third Inter-Chip Bridges is able to be added to the system to
form multiple-Inter-Chip-Bridge systems. The method fur-
ther comprises the hybrid system, which is a combined Dual-
Layer System and Inter-Chip Bridge system. The microflu-
idic operations of the dual-layer system leverage the best of'a
dual open/covered hybrid design that droplet transporting and
mixing are performed on the open region of the stacked
dual-layer system and droplet creation and splitting are per-
formed at the covered region.

In operation, the three-dimensional digital microfluidic
system is able to transport microfluidic drops/fluids using
electrical attractions. By actuating the electrodes in sequence,
the microfluidic drops are able to be moved by a pulling/
attracting force generated by the electrodes.

The present invention is able to be utilized in pharmaceu-
tical industry for making drug transporting systems.

The present invention has been described in terms of spe-
cific embodiments incorporating details to facilitate the
understanding of principles of construction and operation of
the invention. Such reference herein to specific embodiments
and details thereof is not intended to limit the scope of the
claims appended hereto. It will be readily apparent to one
skilled in the art that other various modifications may be made
in the embodiment chosen for illustration without departing
from the spirit and scope of the invention as defined by the
claims.

What is claimed is:

1. A three-dimensional digital microfiuidic system com-
prising:

a. a first plate with a first electrode, wherein the first plate

is a first Lab-on-Chip system;

b. a second plate with a second electrode, wherein the
second electrode comprises an inter-chip bridge;

c. athird plate with a third electrode, wherein the third plate
is on a second Lab-on-Chip system; wherein the inter-
chip bridge serves as an intermediate structure config-
ured to transport a microfluidic drop in an open configu-
ration between a covered configuration of the first Lab-
on-Chip system and a covered configuration of the
second Lab-on-Chip system.
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2. The system of claim 1, wherein the first plate is parallel
to the second plate.

3. The system of claim 1, wherein the first electrode is
facing the second electrode.

4. The system of claim 1 further comprises a gap between
the first plate and the second plate.

5. The system of claim 4, wherein the gap is in the range of
1 pmto 10 cm.

6. The system of claim 1, wherein each of the first electrode
and the second electrode comprises at least one droplet actu-
ating electrode.

7. The system of claim 1, wherein the microfluidic droplet
is manipulated by actuating in sequence of the electrodes on
either or both plates.

8. The system of claim 1, wherein the microfluidic droplet
is in physical contact with either one of the first plate and the
second plate.

9. The system of claim 1, wherein the microfluidic droplet
is in physical contact with both of the first and the second
plate.

10. The system of claim 1, wherein the microfluidic droplet
is actuated by the electrodes on the first plate, the second
plate, or a combination thereof.

11. The system of claim 1, further comprising an elec-
trowetting actuation mechanism to control a motion of the
microfiuidic droplet.

12. The system of claim 1 further comprises a controlling
unit controlling a movement of the microfluidic droplet, such
the microfluidic droplet is able to be moved to be in a physical
contact with either one of the first plate or the second plate or
both.

13. A three-dimensional digital microfluidic system com-
prising:

a. a first plate with a first electrode, wherein the first plate

is on a first Lab-on-Chip system;

b. a second plate with a second electrode, wherein the

second plate is on a second Lab-on-Chip system; and
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c. a bridge plate with third electrodes facing the first elec-
trode and the second electrode, wherein the bridge plate
comprises at least a first portion overlapping with the
first plate and at least a second portion overlapping with
the second plate and a third portion in an open configu-
ration between the first plate and the second plate.

14. The system of claim 13 further comprises a microflu-

idic droplet.

15. The system of claim 14, wherein the microfiuidic drop-
let is sandwiched between the first plate and the bridge plate.

16. The system of claim 14, wherein the microfiuidic drop-
let is sandwiched between the second plate and the bridge
plate.

17. The system of claim 14, wherein the microfiuidic drop-
let is only in physical contact with the bridge plate.

18. The system of claim 14 further comprises a first gap
between the first plate and the bridge plate and a second gap
between the bridge plate and the second plate.

19. The system of claim 18, wherein the first gap is equal in
size to the size of the second gap.

20. A method of using a three-dimensional digital microf-
luidic system comprising moving a microfluidic drop from a
first plate of a first Lab-on-Chip system to a second plate of a
second Lab-on-Chip system via a bridge plate, wherein the
first plate, the second plate, and the bridge plate comprise a
first electrode, a second electrode, and a bridge electrode,
respectively, and wherein a first portion of the bridge plate
overlaps the first plate, a second portion of the bridge plate
overlaps the second plate, and a third portion of the bridge
plate between the first and second plates is in an open con-
figuration.

21. The method of claim 20 further comprising actuating
the first electrode, the bridge electrode, and the second elec-
trode in sequence such that the microfluidic drop is trans-
ported from the first plate to the second plate.

22. The method of claim 20, wherein the first electrode and
the second electrode are facing the bridge electrode.
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